In the United States, tick-borne diseases are increasing in incidence and cases are reported over an expanding geographical area. Avoiding tick bites is a key strategy in tick-borne disease prevention, and this requires current and accurate information on where humans are at risk for exposure to ticks. Based on a review of published literature and records in the U.S. National Tick Collection and National Ecological Observatory Network databases, we compiled an updated county-level map showing the reported distribution of the American dog tick, Dermacentor variabilis (Say). We show that this vector of the bacterial agents causing Rocky Mountain spotted fever and tularemia is widely distributed, with records derived from 45 states across the contiguous United States. However, within these states, county-level records of established tick populations are limited. Relative to the range of suitable habitat for this tick, our data imply that D. variabilis is currently underreported in the peer-reviewed literature, highlighting a need for improved surveillance and documentation of existing tick records.
In recent decades in the United States, tick-borne diseases have increased in incidence and cases reported over an expanding geographical area , Rosenberg et al. 2018 . These trends can be explained, in part, by expanding geographical ranges of medically important hard ticks (Acari: Ixodidae) resulting in an increase in the numbers of persons exposed to potentially infectious tick bites (Eisen and Eisen 2018) . Tick surveillance is intended to monitor changes in the distribution and abundance of ticks to aid in assessing and mitigating risk of human exposure to ticks and tickborne pathogens (CDC 2018a). However, tick surveillance is not standardized or routinely conducted across the United States, which poses challenges in accurately representing the current distribution of medically important ticks.
Among the more than 80 species of ticks described in the United States, fewer than a dozen are commonly found to infest humans (Merten and Durden 2000) . Arguably, based on their demonstrated ability to serve as vectors of human pathogens and their propensity to feed on human blood, the most medically important hard ticks in the United States include: the lone star tick (Amblyomma americanum [L.]), the Gulf Coast tick (Amblyomma maculatum [Koch] ), the Rocky Mountain wood tick (Dermacentor andersoni [Stiles] ), the Pacific Coast tick (Dermacentor occidentalis [Marx] ), the American dog tick (Dermacentor variabilis [Say]), the western blacklegged tick (Ixodes pacificus [Cooley and Kohls] ), the blacklegged tick or the deer tick (Ixodes scapularis [Say]), and the brown dog tick (Rhipicephalis sanguineus sensu lato) . Distributions of these ticks were compiled in a seminal publication by Hooker (1909) followed by distribution maps by Bishopp and Trembley (1945) . However, the distributions of these ticks, and consequently human risk of exposure to tick bites, have changed over time. Therefore, following criteria originally described by Dennis et al. (1998) , recent studies updated the reported distributions of D. andersoni (James et al. 2006) , A. americanum (Springer et al. 2014) , and I. scapularis and I. pacificus (Eisen et al. 2016) . Others have updated the distributions of A. maculatum (Teel et al. 2010) and D. variabilis (James et al. 2015) , and other medically important ticks (CDC 2018b), but did not define distributions using the same county-scale criteria as Dennis et al. (1998) .
Dermacentor variabilis is an important pest species and significant as a vector of both human and animal pathogens, including the bacterial agents causing Rocky Mountain spotted fever (Rickettsia rickettsii) and tularemia (Francisella tularensis) (Burgdorfer 1975 , James et al. 2015 . A number of publications have provided limited state, county, or local level data and broad scale maps of D. variabilis, but have not been updated for many years (Banks 1908 , Hooker 1909 , Bishopp and Trembley 1945 .
In this study, we aimed to use the Dennis et al. (1998) county classification criteria to generate an updated map showing the reported distribution of D. variabilis. Our findings suggest that relative to the range in suitable habitat for this tick (James et al. 2015) , D. variabilis is currently underreported in the peer-reviewed literature, highlighting a need for improved surveillance and reporting.
Materials and Methods
To identify records of the American dog tick within specific counties in the contiguous United States, we conducted a literature review using the Scopus database with search terms 'Dermacentor' and 'variabilis' to identify articles published from 1913 through 13 November 2018. To expand our county records of D. variabilis, we obtained collection records from the U.S. National Tick Collection (USNTC), spanning 1907-2018, and from the National Ecological Observatory Network (NEON), spanning 2014-2018. Additional records were obtained from specific monographs, state publications on the ticks of a state, and from studies conducted at localities where the county level was clearly evident. One additional source of unpublished data was provided to us opportunistically from the California Department of Health (CDPH).
Using records obtained from these data sources, we classified counties into those with 'established ', 'reported', or 'no records' of D. variabilis. To do this, we used two different sets of inclusion criteria termed 'strict' and 'expanded'. The strict inclusion criteria follows Dennis et al. (1998) and Eisen et al. (2016) definitions. Specifically, we categorized counties as 'established' if at least six individual D. variabilis ticks or at least two of the three host-seeking life stages were collected within a 1-yr time period. We categorized counties as 'reported' if they failed to meet the criteria for established and if at least one D. variabilis tick of any life stage was identified at any time in the county or if the county had records of the tick that failed to detail the number or life stage collected. Although these criteria were originally developed in reference to I. scapularis and I. pacificus, given the similarities in life cycles of these threehost non-nidicolous ticks, the same criteria were applied in this and a previous survey of the distribution of A. americanum (Springer et al. 2014) . Using our strict criteria, we included in our database articles including county-level data on ticks collected from vegetation or from hosts with limited home ranges (e.g., <5-10 km 2 ) as these hosts' limited ranges presumably do not extend beyond a single county. Unless travel histories were accounted for, we excluded ticks collected from mobile hosts such as humans, companion animals, livestock, or zoo animals owing to the frequency of their transport outside of a single county. That is, because ticks can remain attached to a host for 7-10 d, if the host traveled outside of the county of record in the previous 10 d the county of exposure cannot be clearly ascertained (CDC 2018a).
In an effort to recognize counties for which there was compelling evidence that D. variabilis is present, but that did not meet the strict inclusion criteria, our expanded criteria included county records from long-term programs that collected ticks found on humans. We included articles reporting results of such programs if the majority (>50%) of counties in the state of interest reported records of D. variabilis; this is assuming that if the majority of counties in the state have records of D. variabilis from humans, then human exposure to the tick within the reporting county is plausible. In addition to adhering to the strict criteria for classifying counties as reported or established, using arbitrary but reasonable criteria, we classified counties as 'established' if greater than 50 records of D. variabilis obtained from these programs were documented in a 5-yr or greater time span and 'reported' if they did not meet the established criteria or records failed to detail the number of ticks collected. In short, the county classifications using the expanded criteria duplicate the classifications based on the strict criteria, but amount to a more extensive (cumulative) distribution of counties with reported or established records because long-term programs cataloging ticks collected from humans were included in the former. We coded all remaining counties as having 'no records'. Notably, a lack of tick records in a county does not necessarily indicate absence of the tick, only that we did not identify any tick collection records for the county.
We used the five-digit Federal Information Processing Standard (FIPS) codes to designate counties or county equivalents. The final database included state, county, FIPS code, and county status data. We joined these data with a contiguous U.S. county map based on FIPS code using ArcMap 10.5 (ERSI, Redlands, CA). Counties were shaded based on their recorded status: established, reported, or no records.
Results
In total, 765 research articles met our Scopus search criteria, of which 111 contained adequate information for us to classify counties as having reported or established D. variabilis populations. Additionally, seven relevant monographs and state publications were included, as well as one unpublished list of California counties that met the criteria defined herein (California Department of Health, unpublished data). The USNTC database contained 2,040 records, of which 156 were included; the remainder were excluded primarily because they were collected from a mobile host. Of the 463 records from the NEON data set 20 records were retained, with the remainder largely representing repeat sampling in counties.
Based on the strict inclusion criteria, D. variabilis has been recorded in a total of 516 counties (16.6% of 3,109 FIPS codes in the contiguous United States) across 44 states (Tables 1 and 2; Fig. 1A ). In total, 249 (8.0%) counties distributed across 41 states were classified as established and 267 counties (8.6%) across 37 states were classified as reported.
When using our expanded inclusion criteria, D. variabilis has been recorded in a total of 928 counties (29.8%) (Tables 1 and 2 of systematic active surveillance efforts focused on this tick species. Whether based on statistical modeling or expert opinion guided by collection records, what we refer to herein as 'species range maps' represent areas where, hypothetically, the tick could survive and reproduce if introduced; such maps can be useful for targeting surveillance efforts that reveal whether or not the tick is present within specific parts of the tick's range. In contrast to range maps, maps showing the reported distribution of a species depict areas where the tick has been collected. In general, information on tick abundance, rather than simple measures of tick presence or estimated ranges provides better information on the likelihood of human encounters with ticks. However, accurately estimating tick abundance over large geographic areas is time-consuming, costly, and rarely done. In this study, we used the Dennis et al. (1998) classification criteria to categorize counties based on where 1) tick records are lacking, 2) the tick has been found (reported), but not necessarily established, and 3) the tick is established, and likely able to survive and reproduce.
In addition to species range maps, accurate distribution maps of medically important ticks are increasingly important as tick-borne disease incidence increases and cases are reported over expanded geographic areas ( (Snetsinger et al. 1993 ) Chester
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Reported a (Snetsinger et al. 1993 Rosenberg et al. 2018) . Such information can be useful in implicating ticks as potential vectors of newly discovered human pathogens (e.g., Heartland virus, Bourbon virus, Borrelia miyamotoi, and Borrelia mayonii), for identifying risk for potential exposure to tick-borne pathogens across regions, and for raising public awareness of which ticks and potentially which tick-borne pathogens are in the area and the importance of practicing tick bite prevention strategies. Longterm systematic active surveillance of ticks is important as species distributions shift due to a variety of factors including changes in land use, habitat and host availability, and climate (Childs and Paddock 2003 , Estrada-Peña et al. 2006 , Gray et al. 2009 , James et al. 2015 , Eisen et al. 2016 ). James et al. (2015) used statistical modeling to predict the range in suitable habitat for D. variabilis in the United States, based largely on elevation and temperature. Highly suitable habitat included areas in: coastal California, the Pacific Northwest, the Midwest, the Gulf Coast, Florida, and the Atlantic seaboard (James et al. 2015) . Regions of low suitability included much of the Western United States, areas in the South, and northwestern inland regions of New England. The distribution map we present here is comparable to the James et al. (2015) species range map.
Our distribution map using the strict criteria (Fig. 1A) shows records of the American dog tick throughout the United States particularly along the West, Gulf, and East coasts and in areas of low elevation in the central regions of the country; these records generally align with the suitable habitats delineated in the James et al. (2015) species range map. Additionally, the range map indicates low suitability in the Rocky Mountain Region (James et al. 2015) , where our distribution map shows a noticeable lack of records. There is discordance between the maps where we report records in medium-low suitable habitats (James et al. 2015) , such as in parts of Oklahoma and Wisconsin. However, what appears most telling is the lack of records in our distribution map in areas that James et al. (2015) note as highly suitable habitat. For example, we report only two counties in Iowa with records of D. variabilis even though most of Iowa is classified by the model as moderately or highly suitable habitat (James et al. 2015) for the tick. Additionally, we report no records in eastern Michigan which is classified as highly suitable (James et al. 2015) , the same is true for portions of the Atlantic seaboard and Gulf Coast.
Using our expanded criteria to include counties for which there was compelling evidence that D. variabilis is present we created our expanded distribution map (Fig. 1B) . This map includes the addition of county records from the following states: Georgia, Iowa, Maine, Michigan, Nebraska, Ohio, and Pennsylvania (Tables 1 and 2; Fig.  1B ). Compared to the strict distribution map, the expanded map displays greater concordance with the species range map (James et al. 2015) as we add records in highly suitable habitats including: Iowa, eastern Michigan, and northern Ohio. However, we still observe areas of high to medium habitat suitability (James et al. 2015) with few collection records such as along the Atlantic seaboard from New Jersey down through the Carolinas.
The variation between our distribution maps and the species range map (James et al. 2015) may arise from a lack of systematic active sampling efforts specifically targeting collection of D. variabilis in vegetation where it is most commonly found, such as low-elevation grasslands and boundaries of forests and trails (Wilkinson 1967 , Sonenshine 1979b , McDade and Newhouse 1986 , Dergousoff et al. 2013 . Approximately one third of D. variabilis records used here originated from sources in which D. variabilis collections were incidental during collections focused largely on woodland-associated ticks, namely I. scapularis and A. americanum. Consequently, although tick sampling was conducted in numerous counties throughout the United States, efforts targeting I. scapularis and A. americanum may underestimate the number of established D. variabilis populations either because incidental species are not reported in publications, or because tick abundance is generally lower in woodlands where I. scapularis and A. americanum are common compared with grasslands where D. variabilis is more abundant. Additionally, by limiting our records primarily to those in the peer-reviewed literature it is quite likely that records of this tick being established in more counties is likely. In an effort to disseminate current and accurate Established counties (in red) have records of six or more ticks or two or more life stages recorded in 1 yr, or using the expanded criteria ≥50 ticks recorded over ≥5 yr if from a state-wide surveillance program. Reported counties (in blue) have records of fewer than six ticks in 1 yr, no documentation of number of ticks, or using the expanded criteria <50 ticks over ≥5 yr if a state-wide surveillance program. Counties shown in white indicate 'no records'. Notably, an absence of records derived through our review is not indicative of the tick's absence in a particular county.
tick distribution maps, the U.S. Centers for Disease Control and Prevention recently issued guidance on tick surveillance methods and have started to collect tick distribution and abundance records from state health departments through the ArboNET database (CDC 2018a; https://wwwn.cdc.gov/arbonet/). Species distribution maps, developed based on spatial modeling, collection records and expert knowledge are powerful tools for assessing risk for human exposure to medically important ticks. We recognize the increasing need for accurate distribution maps of medically important ticks as tick-borne disease incidence increases, cases are reported over expanded geographic areas, and increasing numbers of people are exposed to potentially infectious tick bites. Importantly, there is a need to enhance 1) active and passive tick surveillance, particularly at the county level, 2) reporting of medically important ticks in peer-reviewed literature and through public health databases such as ArboNET, and 3) use of common classification criteria such as the Dennis et al. (1998) criteria.
